Severe acute respiratory syndrome (SARS) is a newly emerging infectious disease that haunted the world from November 2002 to July 2003. Little is known about the biology and pathophysiology of the novel coronavirus that causes SARS. The tissue and cellular distributions of coronaviral hypothetical and structural proteins in SARS were investigated. Antibodies against the hypothetical (SARS 3a, 3b, 6, 7a and 9b) and structural proteins (envelope, membrane, nucleocapsid and spike) of the coronavirus were generated from predicted antigenic epitopes of each protein. The presence of these proteins were first verified in coronavirus-infected Vero E6 tissue culture model. Immunohistochemical studies on different human tissues, including a cohort of nine autopsies, two liver biopsies and intestinal biopsies of SARS patients, further confirmed the existence of coronaviral hypothetical and structural proteins in the cytoplasm of pneumocytes and small intestinal surface enterocytes in SARS patients. With this vast array of antibodies, no signal was observed in other cell types including those organs in which reverse transcriptase-polymerase chain reactions were reported to be positive. Structural proteins and the functionally undefined hypothetical proteins were expressed in coronavirusinfected cells with distinct expression pattern in different organs in SARS patients. These antipeptide antibodies can be useful for the diagnosis of SARS at the tissue level.
From November 2002 to July 2003, severe acute respiratory syndrome (SARS) had affected more than 8000 people in 28 regions worldwide with mortality upto 9.6%. 1 The clinical picture of this imminent infectious disease was dominated by respiratory system involvement. 2, 3 Gastrointestinal symptoms were also common. 4, 5 The primary etiological agent of SARS is a novel coronavirus (SARS-CoV). [6] [7] [8] The genome of SARSCoV consists of a single giant positive-strand RNA that is approximately 29.7 kb in length. SARS-CoV genome encompasses two large open reading frames (ORFs) encoding nonstructural proteins involved in replication and 12 potential ORFs. These potential ORFs include four genes encoding structural proteins (envelope, membrane, nucleocapsid and spike proteins). The remaining potential ORFs encode hypothetical SARS-CoV-specific proteins that lack obvious sequence similarity to known proteins. 9, 10 These hypothetical proteins that are purely the prophecies of bioinformatics algorithm need to be studied in infected cells so as to confirm their identities. The functions of these hypothetical proteins and their roles in SARS pathogenesis remain obscure. 11, 12 In this study, we have generated specific antipeptide antibodies against each of the putative structural and hypothetical proteins of the SARS-CoV.
Using immunohistochemistry, we demonstrated the unique existence of corresponding peptide sequences in SARS-CoV-infected tissue culture models and clinical specimens. The tissue and cellular distribution pattern of SARS-CoV hypothetical and structural proteins in SARS was studied.
Materials and methods

Selection of Clinical Specimens
Clinical specimens were selected retrospectively following the guidelines of the local ethics committee. SARS was diagnosed according to the criteria of World Health Organization. 1 The outbreak in the Prince of Wales Hospital, Hong Kong, and the sequence of events leading to the world endemic has been reported. 2, 3 Pathology of Case 1 to 8 has been previously described. 13 One probable SARS case (negative culture) during the same epoch and two lung sections from autopsies performed in early 2002 (with the diagnosis unrelated to lung diseases) were used as negative controls. The terminal ileum and colon biopsies 5 of one SARS patient and liver biopsies 14 were obtained with informed consents. In all, 10 cases of randomly selected autopsies, with causes of death either related or unrelated to pulmonary pathology, in the pre-SARS era of 2000-2001 were used as negative control.
Generation of Antipeptide Antibodies
Antigenicities of epitopes on putative ORF of the SARS-CoV (Genbank accession no.: NC_004718) were evaluated in silico using Clone Manager 5 (Scientific & Educational Software), Peptide Companion (CSPS Pharmaceuticals, Inc.) and DS Gene (Accelrys). These peptides were also compared with other published proteomes of coronavirus (CoV) such as human Group 1 and Group 2 CoV, BovineCoV, Porcine-CoV, Feline-CoV and Canine-CoV to select peptides that were SARS-CoV-specific. Antibodies were generated from rabbits immunized with each individual keyhole limpet hemocyanin-conjugated synthetic peptide. All antipeptide antibodies and peptides used in this study were produced by Abgent (San Diego, CA, USA) and are now commercially available at Abgent.
Cell Lines and SARS-CoV Infection
The cell line Vero E6 (monkey kidney cell line) was obtained from the American Type Culture Collection (Manassas, VA, USA). The virus CUHK-W1 strain of SARS-CoV (GenBank accession no.: AY278554) was grown and assayed in the cell line as previously described. 15 
Immunohistochemical Studies
Paraffin blocks were prepared from infected or control Vero E6 fixed with 10% formalin as routine clinical cytology specimens. Autopsy and biopsy specimens were fixed with 10% formalin and embedded in paraffin blocks. Standard avidinbiotin method was used for immunohistochemical studies on 4-mm sections from selected paraffin blocks. Antipeptide antibodies (1:100) with StreptABComplex/HRP Duet Reagent Set (DAKO, Glostrup, Denmark) were used according to the manufacturer's protocols with 3, 3 0 -diaminobenzidine tetrahydrochloride as the chromogen. Antigen retrieval was performed by microwave pretreatment twice in 10 mM citrate buffer, pH 6.0 or 0.1 M EDTA buffer, pH 8.0, with preliminary heating at 780 W for 3 min followed by 480 W for 10 min. The specificity of each antibody for immunohistochemistry was ascertained in formalin-fixed Vero E6 cells by suppression of signals when the primary antibody was preincubated with excess corresponding peptides before applying to the cell block sections. Intensities of the immunohistochemical signals on each individual cell were judged arbitrarily with the overall assessment as:
Immunofluorescence-Fluorescence In Situ Hybridization Studies
The coexistence of SARS-CoV protein and RNA in infected cells was detected by immunofluorescence-fluorescence in situ hybridization on formalin-fixed paraffin-embedded tissues as previously described. 16 A 700-bp reverse transcriptase-polymerase chain reaction product corresponding to the M gene of SARS-CoV strain Su10 (Genbank accession no.: AY282752) was used as the probe. Antipeptide antibodies (1:100) were used for colocalization. Fluorescence in situ hybridization signals were detected using anti-DIG-rhodamine (Roche) and the secondary antibody for immunofluorescence was antibiotin fluorescein thiocyanate (FITC). Nuclei were counterstained with 4,6-diamidino-2-phenylindole in antifade mountant (Vectorshield, Vector Laboratories).
Results
Coronaviral Hypothetical and Structural Proteins were Detected in the Cytoplasm of Culture Cells Infected by SARS-CoV
Antigenicity of epitopes of the putative hypothetical and structural proteins was evaluated and anti-peptide antibodies were generated in rabbits (Table 1) . Putative epitopes were identified in nine out of 14 predicted ORFs, representing 64% of the transcriptome, of SARS-CoV. These antibodies for immunohistochemical analysis were evaluated in vitro on Vero E6 infected by SARS-CoV. Uninfected cells were used as negative controls. All epitopes of hypothetical (SARS 3a, 3b, 6, 7a and 9b) and structural proteins (envelope, membrane, nucleocapsid and spike) were detected in the cytoplasm of infected Vero E6 cells by at least one antibody from each protein ( Table 1) . Intensities of the signals in individual infected cells were scored arbitrarily. Nuclear signals were not detected. A similar cytoplasmic signal was not observed in uninfected Vero E6 negative controls. Representative results with the antibody SARS-AbS13a are shown in Figure 1 . Hence, the peptide sequences of each putative hypothetical and structural protein were expressed in vitro. Some of the epitopes, although theoretically antigenic, might be buried in the interior of the proteins. The antipeptide antibodies with strong cytoplasmic signals and minimal background were further applied on formalin-fixed paraffin-embedded sections of clinical specimens.
SARS-CoV Hypothetical and Structural Proteins are Detected in the Cytoplasm of Intestinal Surface Enterocytes and Pneumocytes
Antibodies SARS-AbS13a, SARS-Abs-16b, SARSAbs-5a and SARS-AbS21a, against the nucleocapsid protein (N), the membrane protein (M), the spike protein (S) and a putative SARS 3a protein, respectively, were selected for further evaluation in 16 different tissues, including the lung, bronchus, small intestine, stomach, colon, pancreas, lymph node, spleen, bone marrow, liver, kidney, adrenal gland, skeletal muscle, heart and skin, from nine fatal cases of SARS (Table 2) . Terminal ileum and colon biopsies from one patient 5 and two liver biopsies 14 from different patients were also included in this study. Positive immunohistochemical signals were observed in the lung sections from three fatal cases and the small intestine sections from five autopsy cases. SARS-CoV proteins were detected only in samples that were positive for viral culture and viral genome. Other tissue samples were all immunohistochemically negative. The SARS-CoV proteins existed either in diffuse signals or in aggregates in the cytoplasm. Background in negative controls was minimal. Immunohistochemical staining was negative in the lung and intestinal sections from control autopsy and surgical specimens.
The histopathology of the lung was dominated by diffuse alveolar damage at various stages of organization. No histological features appeared to predict the positivity of immunohistochemistry. A similar result was obtained previously for in situ hybridization study of the SARS-CoV genome. 16 In immunohistochemical-positive lung sections, positive signals were observed in the cytoplasm of pneumocytes lining the alveolar septa (Figure 2a , arrows) and in the detached pneumocytes within the alveolar spaces (Figure 2a, arrows) . In some of the multinucleated giant cells, a characteristic but rare feature of the lung pathology in SARS, the immunohistochemical stainings were strongly positive (Figure 2b, arrowhead) . Carbon pigments were not seen. These giant cells might represent those originated from syncytial formation of infected pneumocytes. Diffuse, weak, granular immunohistochemical signals were seen in carbon pigmentladen macrophages. These signals might represent background or scavengered proteins in these macrophages. No specific histological changes had been identified in the SARS-CoV-infected intestine. While the virus can be isolated in some of our autopsy cases, Lung culture
EM: electron microscopy; ISH: in situ hybridization; IHC: immunohistochemistry; SI: small intestine; +: positive result; À: negative results; N: nucleocapsid protein; NA: not available. Bronchus, stomach, colon, pancreas, lymph node, spleen, bone marrow, liver, kidney, adrenal gland, skeletal muscle, heart and skin samples from the above nine cases were immunohistochemical-negative. no mucosal damage was observed. The lack of tissue damage is particularly striking in the terminal ileum biopsy from an active SARS patient with diarrhea. 5 For the small intestine sections, the surface enterocytes showed positive cytoplasmic signals in both autopsy ( Figure 3a ) and biopsy ( Figure 3b ) specimens. Crypt cells were rarely positive. Macrophages in this organ were negative. The pattern of immunohistochemical-positive cells was consistent with the distribution of viral genome in other reports. 16, 17 The colon biopsy, however, was immunohistochemically negative for all the SARS-CoV proteins tested. Lymphoid follicles within these biopsies were also negative. In liver biopsies, no immunohistochemical signals were detected with the whole battery of antipeptide antibodies in any cell type. In situ hybridization studies using the probe to M-gene in the colon and liver sections were also negative (results not shown). (Table 1) . These results suggested that, these peptides SARS 3a, 3b, 6, 7a and 9b corresponding to envelope, membrane, spike, nucleocapsid, were expressed in SARS-CoV infected cells in diseased organs.
Coexistence of SARS-CoV Protein and RNA in the Cytoplasm of Infected Cells
The cellular distribution of SARS-CoV protein and viral genome in immunohistochemical-positive lung and small intestine sections was further evaluated by immunofluorescence-fluorescence in situ hybridization analysis (Figure 4) . SARS-CoV protein and viral genome were denoted by green (Figure 4 -ii) and red fluorescence signals (Figure 4-iii) , respectively. In the lung (Figure 4a ) and small intestine (Figure 4b ) sections, colocalization of immunohistochemical signals for SARS 3a and fluorescence in situ hybridization signals of SARS-CoV genome to the same cell was confirmed (Figure 4, arrows) . Each of these signals was identified in the cytoplasm only. Only the cells infected with viral genome expressed the corresponding peptides, and vice versa.
Discussion
In this study, the tissue and cellular distributions of SARS-CoV hypothetical and structural proteins were evaluated in the autopsy and biopsy samples of SARS. We have also demonstrated the use of genome information that is generated from high throughput technologies for the translational research in diagnostic application. A new set of antipeptide antibodies was generated from the predicted ORFs of the structural and hypothetical proteins of the SARS-CoV. Immunohistochemical applications of these antibodies were validated on Vero E6 infected with SARS-CoV. Vero E6 is the prototype mammalian cell line that is used for SARS-CoV isolation in routine clinical microbiology investigations. 3 In Vero E6 cells, positive cytoplasmic immunohistochemical signals were detected by Figure 3 Immunohistochemical studies of antipeptide antibody SARS-AbS13a against the nucleocapsid protein on small intestine sections. SARS-CoV-infected cells were demonstrated by the strong cytoplasmic signals in surface enterocytes in both biopsy (a, arrows) and autopsy (b, arrows) specimens. The sections were counter-stained with hematoxylin ( Â 1 000).
at least one antibody from each predicted ORFs. The sequences of these peptides were unique and specific for the corresponding SARS-CoV protein.
The specificities of these antipeptide antibodies were further determined experimentally with the suppression of immunohistochemical signals with excess corresponding peptides. In addition, in the study of tissue sections, only those cells with viral genome detected by fluorescence in situ hybridization were positive for immunohistochemical stainings for the antipeptide antibodies. These results demonstrated the existence of SARS-CoV known structural proteins and provide further evidence for the expression of those hypothetical proteins. The real identities of each of these hypothetical proteins require further investigations. However, our results indicated that at least the genome locations corresponding to the peptides selected for the putative ORFs were expressed. Further analyses of these hypothetical proteins by Western blotting and immunoprecipitation experiments in tissue culture models will be required to confirm the expression and molecular weights of these proteins, to look for possible post-translation modifications and to identify the host interacting partners. The feasibilities of these antibodies to be used in formalin-fixed paraffin-embedded sections of archival clinical specimens were established in the current study. Antibodies SARS-AbS13a, SARS-Abs-16b, SARSAbs-5a and SARS-AbS21a, against the nucleocapsid protein (N), the membrane protein (M), the spike protein (S) and a putative SARS 3a protein, respectively, appeared to provide strong immunohistochemical signals. These antibodies are potentially useful in the histological confirmation of SARS-CoV infection.
The existence of SARS-CoV proteins was further confirmed in clinical samples. Immunohistochemical staining was performed on all available tissues from nine autopsy cases of clinically confirmed SARS, two intestine biopsies of SARS patients and two liver biopsies. Positive cytoplasmic signals were observed in pulmonary pneumocytes and small intestinal surface enterocytes only. The existence of SARS-CoV in immunohistochemical-positive cells was proven by colocalization of the expressed proteins and viral genome in the same cells by dual immunofluorescence-fluorescence in situ hybridization. Both the lung pneumocytes and small intestine enterocytes expressed the full sets of viral proteins. Although lung and small intestine were the primary targets of SARS-CoV infection, the responses of these two tissues were quite different. Tissue damage and organization, in the pattern of diffuse alveolar damage, were commonly observed in the lungs of SARS. 13, [18] [19] [20] [21] [22] Syncytial cell formation is rarely observed although characteristic. Little tissue reaction is, however, observed in the small intestine autopsy and biopsy sections. 5, 13 Detailed studies of the expression levels and the interactions of viral proteins with host proteome may provide the answer. Much interest has been diverted to the Figure 4 Immunofluorescence-fluorescence in situ hybridization of the hypothetical protein SARS 3a and SARS-CoV genome. SARS 3a (ii, green fluorescence) and viral genome (iii, red fluorescence) were detected using the antibody SARS AbS21a and a DNA-probe directed towards the M gene, respectively. The nuclei were counter-stained with 4,6-diamidino-2-phenylindole (iv). Pneumocytes (combined, a-i, arrows) and enterocytes (b-i, arrows) infected with the viral genome (iii, arrows) were positive for SARS 3a protein (ii, arrows). The background fluorescence of negative controls was limited to red blood cells and some connective tissue components. study of known structural proteins, especially spike and nucleocapsid, in realizing the potentials of developing vaccines. The uniqueness of the hypothetical proteins to SARS-CoV, as compared phylogenetically to other known coronavirus, might be crucial to the clinical manifestation of SARS. At present, the functions of SARS-CoV hypothetical proteins and their roles in SARS pathogenesis are poorly understood. Recently, one of the putative proteins, SARS 7a was shown to interact with SARS 3a and the structural proteins in Vero E6. 11, 12 These findings highlighted the potential, undervalued functions of hypothetical proteins in the pathogenesis of SARS.
The negative immunohistochemical result in liver biopsies is interesting. Reverse transcriptase-polymerase chain reaction for the viral genome was positive while electron microscopy failed to demonstrate viral particles in the liver. 14, 22 In situ hybridization aiming at detecting the viral genome were all negative in these same specimens (result not shown). This might be due to the high sensitivity of polymerase chain reaction-based detection method that picked up the small number of viral genome in the scanty infected cells. Alternatively, serum contamination in the biopsy might explain the positive reverse transcriptase-polymerase chain reaction. It is, however, important to note that liver dysfunction was observed in SARS patients.
14,23-25 A high proliferation index was clearly demonstrated in these liver biopsy specimens.
14 Hence, liver metabolism must have been perturbed in these patients. The role of cytokines or other yet unknown paracrine mediators in causing liver dysfunction requires further clarification. A similar scenario is likely happening in the kidneys of SARS patients in which 'sensitive' reverse transcriptase-polymerase chain reaction is positive 22 with functional disturbances of the renal function, yet viral particles, proteins and genome were not identified. 26 We are beginning to understand how SARS-CoV enters its host cells. In various in vitro systems using the spike protein, the angiotensin-converting enzyme 2 (ACE2) [27] [28] [29] and the C-type lectins, CD209 30 or CD209L, 31 are identified as receptors of SARSCoV. The distribution of ACE2, by itself, cannot explain the tissue tropism of the virus. 26 The ACE2 protein has a much wilder cellular distribution 32 than even the most extensive, although putative and controversial, list of organs and cell types harboring the virus. 17 In the current study, the dendritic cells were not positive for IHC signals of any of the viral proteins in various different tissues. Lymphoid follicles immediately adjacent to infected cells were negative. SARS-CoV may exist only in low titer in the dendritic cells. Parallel to the situations in human immunodeficiency virus-1 (HIV-1) and Mycobacterium tuberculosis, 33 the idea of dendritic cells as reservoir and immune mediator is attractive, the actual role of this cell type in SARS patients is not clear.
We have provided evidence for the presence of known structural proteins, including membrane, envelope, nucleocapsid and spike, as well as hypothetical proteins, SARS 3a, 3b, 6, 7a and 9b, in tissue culture model and in clinical specimens. With this full array of antibodies, only limited cell types were shown to harbor the SARS-CoV. The roles of these proteins and their interaction with the host genome and proteome are currently unknown. This set of antibodies will be useful in tissue diagnosis of SARS and in future studies of the in vitro models of SARS.
